It is widely accepted that the heavily glycosylated glycoprotein gp120 on the surface of HIV-1 shields peptide epitopes from recognition by the immune system and may promote infection in vivo by interaction with dendritic cells and transport to tissue rich in CD4 ؉ T cells such as lymph nodes. A conserved cluster of oligomannose glycans on gp120 has been identified as the epitope recognized by the broadly HIV-1-neutralizing monoclonal antibody 2G12. Oligomannose glycans are also the ligands for DC-SIGN, a C-type lectin found on the surface of dendritic cells. Multivalency is fundamental for carbohydrate-protein interactions, and mimicking of the high glycan density on the virus surface has become essential for designing carbohydrate-based HIV vaccines and antiviral agents. We report an efficient synthesis of oligomannose dendrons, which display multivalent oligomannoses in high density, and characterize their interaction with 2G12 and DC-SIGN by a glycan microarray binding assay. The solution and the surface binding analysis of 2G12 to a prototype oligomannose dendron clearly demonstrated the efficacy of dendrimeric display. We further showed that these glycodendrons inhibit the binding of gp120 to 2G12 and recombinant dimeric DC-SIGN with IC 50 in the nanomolar range. A second-generation Man 9 dendron was identified as a potential immunogen for HIV vaccine development and as a potential antiviral agent.
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glycodendron ͉ high mannose ͉ multivalency ͉ HIV vaccine ͉ antiviral agent H IV infection is a massive global health problem with more than 33 million infected worldwide (1) . An interesting feature of HIV is its densely glycosylated surface; the glycans account for Ϸ50% mass of the virus coat protein gp120 (2) . This carbohydrate face of gp120 aids in immune evasion (3) and has been implicated in the enhancement of viral dissemination (4) . Although the viral glycans are assembled by the host, their dense arrangements are relatively unique and the glycan shield has become an attractive potential target for the design of anti-HIV-1 agents including vaccine-induced antibodies. However, all efforts directed toward antibody-based vaccine development so far have failed. Recently, a broadly type-1 HIV neutralizing antibody, 2G12, was confirmed to recognize multiple highmannose glycans on gp120, suggesting that these glycans may be used for the design of an HIV vaccine component to elicit ''2G12-like'' antibodies (5-7). A combination of crystallographic, biochemical, and modeling studies has shown that two Man 9 (GlcNAc) 2 (Fig. 1) , at positions 332 and 392, predominantly contribute to the gp120-2G12 interaction, while an oligomannose at position 339 may also contribute to the interaction (8) .
Another approach to anti-HIV activity is to block the interaction between HIV-1 and dendritic cells, which are associated with the enhanced infection of CD4 ϩ T cells (Fig. 2b) . It has been proposed that the mannose-binding C-type lectin DC-SIGN (dendritic cell-specific intercellular adhesion molecule-grabbing nonintegrin) on dendritic cells (9) interacts with the highmannose glycans on HIV-1 and facilitates its dissemination (10), likely through the trans and cis mechanisms (11) . This proposed mechanism is supported by studies that show that DC-SIGN binds the ␣133 and ␣136 mannotriose fragments (12, 13) . Therefore, mimics of the multivalent N-linked high-mannose arrangement on gp120 have potential not only in HIV vaccine development (Fig. 2a) , but also in the development of prophylactic antiviral agents that inhibit dendritic cell-mediated HIV-1 infection (Fig. 2c) .
Previous work in our laboratories has demonstrated that oligomannoses corresponding to the D3 and/or D1 arm of Man 9 (GlcNAc) 2 can mimic the complete glycan in disrupting the gp120-2G12 interaction (14, 15) . However, monomeric oligosaccharides bind to 2G12 weakly (Fig. 3a) . Likewise, among various monomeric oligomannoses, the highly branched Man 9 (GlcNAc) 2 is more potent in binding DC-SIGN (12); however, the affinity is low (13) . Because the importance of multivalency in carbohydrate-protein interactions is well established (16, 17) , our design of HIV vaccines or anti-HIV carbohydrates is based on multivalent presentation of Man 9 (GlcNAc) 2 and related glycans (18) (19) (20) .
We have demonstrated that the interaction of Man 4 to 2G12 is greatly improved when Man 4 is immobilized onto a glass slide (Fig. 3b) (21) . However, this surface-generated pseudomultivalency is not suitable for vaccine purposes. To achieve the multivalent display of oligomannose on a carrier protein, we turned our attention to branched scaffolds (Fig. 3c) . Enhancement of carbohydrate-protein interactions by multivalency (22) (23) (24) (25) has been reported using glycoclusters (26, 27) , glycodendrimers/glycodendrons (28, 29) , and glycopolymers (30) . Among these architectural categories, glycodendrons were chosen for our study, because (i) a relatively large number of carbohydrates can be displayed with a high density, (ii) their valency and size can be easily adjusted, and (iii) they can be selectively functionalized for conjugation to other biomolecules. Over the past several years, many groups have found that glycodendrimers/ glycodendrons exhibit strikingly enhanced affinity against target proteins (23, 31, 32) . More recently, different synthetic approaches and applications of these macromolecules have been explored (33) (34) (35) (36) .
Results and Discussion
Syntheses of Oligomannose Dendrons. We chose an AB 3 type dendrimeric skeleton (37) because of its high loading number that can be achieved in a few generations. A versatile ligation reaction was also needed to conjugate sterically demanding oligomannose to the dendrons. We exploited the copper(I) catalyzed alkyne-azide 1,3-dipolar cycloaddition reaction (CuAAC) for this conjugation (38) .
To facilitate homogeneity of the dendrimeric scaffold, we designed the synthesis by means of a convergent approach (39); terminal alkyne groups were installed on building block 6 (Scheme 1), providing 7 as the first-generation tris-alkyne. Installing the alkyne at an early stage not only avoided incomplete alkynyl installation for later generation dendrons, but also saved a final deprotection step at the end of the synthesis. Tris-alkyne 7 was deprotected in trifluoroacetic acid solution to give 8, which was condensed to give a second generation alkynyl dendron 9. Using similar deprotection and condensation conditions, the third-generation alkynyl dendron 11 was synthesized.
Next, we coupled azido-Man 4 or Man 9 ( Fig. 1 ) to different generations of alkynyl dendrons (Scheme 2) via CuAAC (40) . The reaction proceeded rapidly (Ͻ0.5 h) as monitored by matrix-assisted laser desorption/ionization-time-of-f light (MALDI-TOF) mass spectrometry, which also measured the conjugation copy number. We found that with a longer reaction time and extra Cu I complex, the reaction did not reach completion in the most sterically congested cases (15, 17, and 18) [ Fig.  4 and supporting information (SI) Figs. 8 and 9]. However, for compound 4, even for the third generation, a near-maximum occupancy was achieved. In comparison, using conventional amide coupling conjugation, only 8 of 32 sites were occupied by a hexasaccharide on a PAMAM dendrimer (36) . The average numbers of attached oligomannose per dendron are summarized in Table 1 .
Interaction of Oligomannose Dendrons with 2G12. Binding of glycodendrons to 2G12 was compared with the corresponding monomers 3 and 4. In previous studies, Man 4 1 was immobilized (Fig. 3b) onto an N-hydroxysuccinimide (NHS) activated glass slide (normal NHS density) to determine the surface dissociation constant (K D,surf ) of various proteins (21) . In a modified assay, fluorescently labeled antibody and 2G12 were coincubated with oligomannosyl dendrons 13-18 ( Fig. 3c ) and competed for immobilized Man 4 on the same slide (Fig. 5) .
The IC 50 values of these glycodendrons are shown in Table 2 . A strong increase in avidity to 2G12 was noted compared with monomeric oligomannose for the first (13 and 16) and second generations (14 and 17), whereas the third-generation glycodendron (15 and 18) remained at the same level as the secondgeneration glycodendron. To assess the validity of the new glycan microarray assay, we performed the standard gp120/2G12 competition ELISA, in which the analytes compete with surfacebound gp120 for uncomplexed 2G12 (15) . IC 50 in both assays improved rapidly with increasing generation for both Man 4 and Man 9 dendrons. However, this glycan microarray cannot discriminate the efficacy of second-and third-generation Man 4 dendrons, which showed a 40-fold IC 50 difference in a gp120/ 2G12 ELISA. We believe the incompatibility was due to the relatively low density of Man 4 on the microarray, which was not accurately mimicking the high-density glycan presentation on the surface of gp120. To correct this, high-NHS-density slides were used for Man 4 immobilization. The resulting high-density Man 4 slide exhibited a matched trend in both assays ( Table 2 ), suggesting that higher surface Man 4 density better mimics the surface of gp120. The solution dissociation constants (K D,sol ) for each glycodendron, as determined with high-density Man 4 slides, are reported in Table 2 .
In both ELISA and high-density glycan array assays, the improvement of IC 50 for the dendrons relative to monomeric oligosaccharide is much greater than an additive effect, as shown in Table 2 . All glycodendrons showed superior IC 50 per oligomannose unit relative to monomeric ligands, showing a synergistic multivalent effect.
ELISA results using dendrons 15, 17, and 18 showed improved inhibition compared with published Man 9 (GlcNAc) 2 clusters (27) . This may be partly due to the dendrons' higher valency and/or better presentation to the multiple-antibody glycanbinding sites on 2G12. It also has been demonstrated that a high-mannose dimer can be synthesized in a distance-fixed manner to give superior 2G12 affinity (18) , but the internal flexibility, which should be minimized for an optimal synthetic vaccine (42) , cannot be controlled in this case. Alternatively, the use of a rigid high-mannose cluster constrained the flexibility (27) , but this control may decay rapidly when a longer linker is used to make a larger cluster. The use of glycodendrons may be a solution to this dilemma because the oligosaccharide valency increases as the structure grows larger, and therefore the internal flexibility is controlled to a certain level even within a large structure. Based on the binding data in Table 2 , the second-generation Man 9 dendron 17 is a promising candidate for vaccine development. It was chosen because it has a similar IC 50 to the third-generation dendrons (15 and 18) in disrupting the gp120-2G12 interaction but has a smaller size to facilitate synthesis and carrier protein conjugation. To further test its multivalent efficacy, 17 was immobilized onto a normal-NHS-density slide (Fig.  3d) at varying printing concentrations. The measured K D,surf of 17 (3.5 nM; SI Materials and Methods and SI Table 4 ) was significantly stronger than the K D,surf of 2 (830 nM) on the same slide (21) , indicating that the density of Man 9 on the dendron is higher than on the glass slide. The finding that the saturated K D,surf of 17 is comparable to the K D,sol for 17 (3.4 nM; Fig. 6 and Table 2 ) also suggested that the enhanced 2G12 complex avidity came from dendrimeric display of Man 9 rather than the pseudomultivalency arising from the close proximity of the surfaceimmobilized molecules. Moreover, the K D,surf of 17 remains strong in the case of lower printing concentration, which is contrary to the results observed in Man 9 monomer, in which a a high critical printing concentration was observed. We reasoned that part of this phenomenon may arise from the high density of Man 9 on glycodendron 17, so that it does not require dense surface immobilization to achieve tight binding to 2G12. Overall, the glycodendron 17 appears to be an effective mimic of the gp120 surface, and it is suitable for conjugation to a carrier protein as a vaccine candidate. The critical printing concentration of 17 for 2G12 complex binding was found to be 400 nM (Fig. 6 , SI Materials and Methods, and SI Table 4 ), compared with 40 M for Man 4 on the same surface. The detection limit of this glycodendron slide for the 2G12 complex was 0.05 g/ml (Man 4 slide: 3 g/ml), which is low enough to be suitable for diagnostic use.
Interaction of Oligomannose Dendron with DC-SIGN.
The success in enhancing oligomannose-2G12 complex binding by dendrimeric scaffolds encouraged us to test their affinity to DC-SIGN. Because the optimal size and the oligomannose density for 2G12 complex seem to be achieved at the second-generation Man 9 dendron 17, we tested this construct for DC-SIGN binding in a similar glycan microarray assay. Competitive binding was performed on the same high-density Man 4 slide, with the Fc-DC-SIGN fusion protein detected with Cy3-labeled anti-human IgG antibody. The Man 9 dendron 17 showed good competition against surface-bound Man 4 for Fc-DC-SIGN, whereas the Man 4 dendron 14 was weaker (Table 3) . These results are consistent with a previous report showing that the monomeric branched high mannose binds better than linear glycans (12) .
As the next step, we determined whether these oligomannose dendrons can interfere with the binding between gp120 and DC-SIGN, which is likely a key step for dendritic cell-mediated CD4 ϩ T cell HIV infection. We performed gp120/Fc-DC-SIGN ELISA, in a similar setting as gp120/2G12 ELISA, to evaluate the inhibition activity of glycodendrons 14 and 17. Indeed, these second-generation glycodendrons demonstrated excellent inhibition activity in the nanomolar range, in contrast to the millimolar range from the reference mannose (Table 3) . In these experiments, no inhibition was observed for the unglycosylated alkynyl dendron 9 (up to 0.1 mM), showing that the multivalent oligomannose is responsible for DC-SIGN binding.
The next question we asked was whether these glycoden- drons bind DC-SIGN presented on cell surface. We synthesized f luorescence-labeled dendrons 14 and 17 by connecting f luorescein to the amine group via an oligo(ethylene glycol) linker and used f low cytometry to monitor their interaction to cell-surface DC-SIGN. As shown in Fig. 7 , both glycodendrons stain DC-SIGN-expressing Jurkat cells (expression level are shown in SI Fig. 12 ) with a stronger f luorescent intensity compared with the negative control Jurkat cells. The results indicate that the oligomannose dendrons interact with DC-SIGN on cell surface. In the same setting, we found that immature monocyte-derived dendritic cells (MDDC) were intensely labeled by these f luorescent dendrons (Fig. 7) . Because DC-SIGN is not the only mannose-binding lectin on MDDC, it is possible that the multivalent high-mannose glycans also bind to other mannose-binding proteins, which may also contribute to viral transmission. Sexual transmission is a major route for HIV infection, in which the dendritic cells enhance the infection of CD4 ϩ T cells. Therefore, inhibiting the gp120 -DC-SIGN interaction, which is likely the key step of HIV-dendritic cells binding, has become a strategy for preventing infection (41) . Our glycodendrons inhibit the DC-SIGN-gp120 interaction, demonstrating their potential as antiviral agent for preventing sexual transmission of HIV-1. Furthermore, as well defined structures, our glycodendrons may be useful for investigating the ''macro'' structure requirement of ligands for DC-SIGN or other receptors. Future studies may focus on understanding the role of these lectins in the immune system and how they may be exploited by pathogens.
In conclusion, we have developed a convenient strategy for the efficient syntheses of oligomannose dendrons, in which the high-density oligomannose mimics the glycans on the surface of HIV-1 and the monomeric glycan immobilized on glass slides. The binding properties of these glycodendrons were characterized by glycan microarray assay. The inhibition of glycodendrons on gp120 interacting with 2G12 and DC-SIGN demonstrated that these glycodendrons, especially the second-generation Man 9 dendron, have the potential for use in the development of both carbohydrate vaccine candidates and antiviral agents. HIV uses its glycan shield to evade the immune response, but the unusual high glycan density and the existence of conserved oligomannosides, evidenced by the discovery of the broadly neutralizing antibody 2G12, suggest that targeting of these carbohydrates may be a promising approach (41) (42) (43) . From this point of view, multivalent display of carbohydrates that have higher binding affinity/avidity may be a practical solution for inducing 2G12-like antibodies and blocking mannose-binding-protein-mediated viral infection.
Materials and Methods
Details for the synthesis of the compounds, microarray experiments, protein expression, and cell-based experiments can be found in SI Materials and Methods.
IC 50 Determined by the Microarray Competitor Assay for 2G12 Complex. Serial diluted competitors (1.5 l) were mixed with 1.5 l of 50 g/ml (based on 2G12, for high-density Man 4 slide: 15 g/ml) 2G12-Cy3-labeled goat antihuman IgG complex (44) . The 3-l mixtures in PBS-BT buffer (1% BSA and 0.05% Tween 20 in PBS) were applied directly to each subarray. After incubation in a humidified chamber for 1 h, the slide was rinsed sequentially with PBS, PBS-T buffer (0.05% Tween 20 in PBS), and distilled water, and then centrifuged at 200 ϫ g for 5 min to ensure a complete dryness. The array was then imaged at 5-Å resolution with an A595 laser on an ArrayWorx microarray reader (Applied Precision) to measure the fluorescence. ArrayVision 8.0 was used for the fluorescence analysis and extraction of data (Applied Precision). Binding curves are shown in SI Figs. 10 and 11.
Competition ELISA. Microtiter plate wells (flat-bottom; Costar type 3690 from Corning) were coated with 50 ng per well gp120 JR-FL overnight at 4°C in PBS. All subsequent steps were performed at room temperature. The wells were then washed four times with PBS/0.05% (vol/vol) Tween 20 (Sigma) before blocking for 1 h with 3% (mass/vol) BSA. IgG 2G12, diluted to 0.5 g/ml (25 ng per well) with 1% (mass/vol) BSA/0.02% (vol/vol) Tween 20/PBS (PBS-BT), was then added for 2 h to the antigen-coated wells in the presence of serially diluted oligomannoses or glycodendrons. Unbound Ab was removed by washing four times as described above. Bound 2G12 was detected with an alkaline phosphatase-conjugated goat anti-human IgG F(abЈ) 2 Ab (Pierce) diluted 1:1,000 in PBS-BT. After 1 h, the wells were washed four times, and bound Ab was visualized with p-nitrophenyl phosphate substrate (Sigma) and monitored at 405 nm.
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